fluctuating pressures are given. Unsteady characteristics are mentioned in detail with power spectral density functions and cross correlation coefficients. We also compare our results with those by Shiraishi et al. (2006) which have been obtained by the elbow about 3.3 times larger than our elbow and at Reynolds numbers greater than 10 6 . Our results and those by Shiraishi et al. (2006) have been both obtained in a post-critical regime, where the Reynolds number is greater than the order of 10 5 and a dimensionless pressure difference between an inlet and outlet of the elbow (total resistance coefficient) takes nearly constant, as reported by Idelchik (1986) . Asymptotic behavior of the total resistance coefficient suggests that flow characteristics also become similar when nondimensionalized throughout the post-critical regime (whatever the Reynolds number increases). However it is little known about flow characteristics at Reynolds numbers greater than 10 6 . The comparisons are done in order to investigate whether the suggestion is valid at least until the Reynolds number Shiraishi et al. (2006) examined (3.25 × 10 6 ).
Nomenclature
D : inner diameter of the test piping E pp : one-dimensional pressure spectrum with respect to wavenumber f : frequency k : wavenumber 
Experimental method
The experimental apparatus is illustrated in Fig. 1 . It is composed of a back pressure tank (volume: 1480×980× 800 mm 3 , denoted by in the figure) , pump (Ebara 150×125FSW4H615, ) , electro-magnetic flowmeter (Yokogawa AXF125G-NNAL1S-BJ11-0NA, AXFA11P-D101, ), additional buffer tank (inner diameter: 286 mm, axial length: 2000 mm, ), settling chamber ( ), buffer tank (inner diameter: 286 mm, axial length: 847 mm, ) and test section 90 degree elbow ( ). The inner diameter of the test section piping measures 125 mm. The test section elbow has been made as a 1/10 scale model of hot leg piping of Japan sodium-cooled fast breeder reactor (JSFR), of which the conceptual design is currently carried out by the Japan Atomic Energy Agency (Kotake, et al., 2010) .
Tap water with temperatures between 13 and 23˚C was used as a working fluid. Flow rates were monitored throughout the all experiments, and adjusted by an inverter (Fuji electric FRN15F1S-2J), which was connected to the pump in order to accomplish the constant Reynolds number (based on the bulk velocity and the inner diameter of the elbow). Our previous apparatus did not have the additional buffer tank ( in Fig. 1 ). Pressure measurements without the additional tank showed that all the pressure signals involved periodic oscillations with 7 ± 1 and 12 ± 1 Hz. They were detected in any measuring points simultaneously and their frequencies were not affected by any flow rates and temperatures. We concluded, from these facts, that the structural vibration caused oscillations with 7 ± 1 and 12 ± 1 Hz. This kind of oscillations had been also found in experiments conducted by Ebara et al. (2010) . Pressure measurements including these oscillations were not preferable, since we would like to focus only on flow induced vibrations. Therefore the additional buffer tank was installed in the present study. Preliminary experiments showed that the additional tank attenuated these oscillations, especially that with 12 ± 1 Hz. Figure 2 shows pressure measurement locations in the test section elbow. Each of Cross sections A -O has 12 pressure taps equally (30 degrees) spaced in a circumferential direction. Pressure measurements were made by connecting pressure transducers, Keyence AP-10S (repeat accuracy: 0.5 kPa at most) and Nidec copal electronics PA-830-101G (repeat accuracy: 0.1 kPa at most), to these pressure taps via G1/8 screws. All measurements were made after zero point adjustments that had been done in the stationary state of the fluid. These adjustments could remove effects of hydrostatic pressures that depend on altitudes of measuring points. The sampling frequency and sampling number in each pressure measurement were respectively 200 Hz and 21000. Almost all measuring points were measured at least twice in order to confirm repeatability of data: The data shown here were made from at least 2 × 21000 = 42000 samples. We obtained power spectral density functions (PSDs) of pressure fluctuations as follows: First, obtained data were divided into five sets of them including 4096 samples. And PSDs for these five data sets were calculated by FFT analyses. Ultimate results were obtained by ensemble averaging over these PSDs. This process was effective for decreasing inci- 3 dental errors. Obtained data still involved oscillations originated from the structural vibration of the experimental setup, though the aforementioned additional buffer tank weakened them. Therefore, prior to FFT analyses, we had prepared the data removing the structural vibration by subtracting reference data from raw data. The reference data could be taken at the point that was mainly affected by not the flow induced but structural vibration. This should be both far from the thickening boundary layer occurring in the aft and downstream part of the elbow and where turbulence was not be developed yet. In the present study, the outside point at the elbow inlet (Section B in Fig. 2 ) was selected as the reference point. Measurements were always done with that at the reference point, since the reference data should be obtained simultaneously. Ebara et al. (2010) Fig. 3 is the outside point at the elbow inlet: The value shown in Fig. 3 is a difference between averaged pressure at every measuring point and that at the reference point. Fig. 4 has utilized not differences but raw values. Note that rootmean-square fluctuating pressures for R e = 1.0 × 10 5 are not shown since instrumental errors deteriorate their quality:
They have too intense scatter to be regarded as valid one. The magnitude of pressure fluctuations at R e = 1.0 × 10 5 , 0.1 kPa, was smaller than accuracy of pressure transducers, within 0.5 kPa.
Ordinates in Figs. 3 and 4 show the circumferential angle ϕ measured from the inside of the elbow. x ′ , θ and x in abscissae respectively indicate the axial distance measured from the elbow inlet, angle from the elbow inlet, and distance from the elbow outlet. D is the inner diameter of the elbow. Values for color contours are nondimensionalized by dynamic pressures. Small circles (•) in each figure correspond to measuring locations. The range of the ordinate is from 0 to 180 degrees, since measurements have been done in the upper half part of the elbow. Symmetry of the data has been verified by the data obtained at points 30 degrees below the center plane. Fig. 3 illustrates that averaged pressure distributions at Reynolds numbers tried here are similar, except the elbow inside (0˚< ϕ < 30˚, 0˚< θ < 90˚) at R e = 1.0 × 10 5 . The steep pressure recovery near the inside of the elbow exit (ϕ = 0˚, θ = 67.5˚), making contour boundaries from blue to green be concave to the downstream region, can be seen in Figs. 3(b) and (c). On the other hand gradual pressure recovery, making contour boundaries from blue to green be concentric circles, is seen in Fig. 3(a) . The difference probably is caused by whether the flow separation occurs or not. Our previous LDV velocity measurements under the case of R e = 3.2 × 10 5 has shown the flow separation in the downstream region of the elbow (Iwamoto, et al., 2012) . Fig. 4 illustrates that root-mean-square values for R e = 3.2 × 10 5 and 5.0 × 10 5 also have similar distributions.
As mentioned above, the test section elbow has been made as a 1/10 scale model of hot leg piping of JSFR. Another test using a 1/3 scale model has been done by Shiraishi et al. (2006) . They clarified the distribution of root-mean-square pressure fluctuations at R e = 3.25 × 10 6 (9.28 m/s in the bulk velocity). It is adapted here in Fig. 5 . It should be noted that following modifications have been done by authors in order to make comparison easy and accommodate our definition:
(1) coloring of contours, (2) recalculation of values in the ordinate and abscissa, and (3) change of labeling of Cross sections A -O, which are shown in Fig. 2 . We also emphasize that increments in the abscissa in at Point B6, as mentioned before. The result at Point B6 was calculated from raw data. Ordinates show nondimensional power spectral density functions using the square of the dynamic pressure, (ρU m 2 /2) 2 , and the characteristic time scale related with convection over the pipe, D/U m . Abscissae show Strouhal numbers, i.e. nondimensional frequencies using the characteristic time scale. Assumption that advection of vortices promotes the pressure fluctuation (Taylor's frozen hypothesis) supports that the frequency divided by the bulk velocity f /U m is proportional to the reciprocal of the vortex size, a wavenumber k in other words. The inner diameter D is proportional to the integral length scale of turbulence. Thus the Strouhal number S t expresses a normalized wavenumber of the vortex fluctuation using the integral length scale. S t = 1 corresponds to the vortex fluctuation which size is approximated as the inner diameter of the elbow. According to the Kolmogorov, one-dimensional pressure spectrum E pp is proportional to the wavenumber to the power of -7/3 in an inertial range of turbulence (Tsuji and Ishihara, 2003) . Since E pp is a component of the square of the pressure fluctuation with respect to one wavenumber, it can be converted to p description above gives a following relationship:
where ϵ is a turbulence dissipation rate, which is proportional to an energy input at large scales U m 3 /D. Dashed lines with the slope of the -7/3 powers are also drawn in Fig. 6 . Power spectral density functions for R e = 3.2 × 10 5 and 5.0 × 10 5 coincide for almost all the cases in Fig. 6 . It should be noted that our plural measurements occasionally have resulted in different power spectral density functions. The difference was seen in the vertical shift in Fig. 6 or the attenuation rate in higher frequencies. Reasons of this discrepancy are thought as follows: (1) Precision of transducers may not be sufficient for small values in higher frequencies. Repeat accuracy of transducers used is nominally 0.5 kPa at most. This is estimated at 6 × 10 −4 of a non-dimensional PSD used in suggests that scales of vortices in locations except Points F0 -L0 so widely spread in extent that measurements include fluctuations in the inertial range of turbulence. By contrast, Points F0 -L0 exhibit sudden attenuation. The axial velocity near these points is decreased because of the adverse pressure gradient, so the dissipation rate of turbulence ϵ (proportional to the cube of the local velocity) is thought to be small. This leads to the Kolmogorov's dissipation scale ν 3/4 /ϵ 1/4 to be larger than the other locations, resulting in dissipation at smaller wavenumbers (i.e. smaller Strouhal numbers). This may be preferable in LES numerical calculations, since additional refinements of computational grids in downstream regions are not needed so long as grids used can resolve the inertial range of turbulence in the elbow. Considering that large scale vortices shed from the boundary layer thickening at the elbow intrados pass through the region including Points F0 -L0 with diffusion, there is another possibility that these vortices affect PSD distributions.
We have confirmed that all the data shown here do not change their slopes in higher Strouhal numbers (S t > 1) when processed without subtractions. Here one question emerges about the subtraction technique mentioned in Section 3: Why the subtracted data of which power in the inertial regime is also removed still exhibit slopes of the -7/3 powers? One of the reasons for this is that the reference data at Point B6 (x ′ /D = 0, ϕ = 180˚) are relatively smaller than original raw data in the corresponding regime. Another reason, which especially applies to outside points at R e = 5.0 × 10 5 , is that the corresponding regime has scatter in PSD intensities and phases calculated from plural FFT analyses; The final PSD result has been obtained by ensemble averaging over results from five FFT analyses, as mentioned in Section 3. Table 1 shows results of five FFT analyses for S t = 1.1 obtained at Point I6 (x/D = 0.75, ϕ = 180˚) in R e = 5.0 × 10 5 .
Subtractions have been done before each analysis. Not shown here, but we confirmed that the raw data at Point I6 has the same PSD magnitude as that at the reference point B6 in higher Strouhal numbers (S t > 1). Table 1 illustrates that every FFT analyses have scatter both in intensities and phases. Assuming that the scattering is caused by random errors, averaging over the results can reduce the errors in PSDs. The PSD with the subtraction p ′ PS D has following relationship according to the cosine theorem:
Here x is a location to be evaluated, x B6 the location of Point B6, p ′ raw is amplitude of an oscillation resolved by a FFT analysis without the subtraction, and σ the phase measured from Point B6. As is seen in Table 1 , the phase σ takes wide scatter between ±180˚. It is considered that the phase shift between the evaluation and reference points do not have correlation since vortices in the internal range are convected with fluctuation and decrease their size (increase frequencies) by stretching while being convected from the reference to evaluation point. The sufficient average over scattered phases completely reduces the last term of Eq. (2), and the sum of squares of pressure fluctuations at the evaluation and reference points remains. In the present case, both the evaluation and reference points have slopes of the -7/3 powers in higher Strouhal numbers (S t > 1), resulting in the slope of the -7/3 powers with the subtraction technique. Table 1 PSDs and phases σ by five FFT analyses at S t = 1.1. Each analysis has utilized different 4096 samples at Point I6 (x/D = 0.75, ϕ = 180˚). The input data are ones from which data at point B6 ( ower spectral density functions of unsteady pressures at the inside and near the elbow outlet (0 ≤ x/D ≤ 0.5, 0˚≤ θ ≤ 60˚) are shown in Fig. 7 . The figure includes results for R e = 3.2 × 10 5 , 5.0 × 10 5 and of the 1/3 scale model (Yamano, et al., 2011) . Fig. 7 shows a good agreement between R e = 3.2 × 10 5 and 5.0 × 10 5 . Comparison with results of the 1/3 scale model shows that all the data but at the elbow inside (ϕ = 0˚) have spectral peaks with S t = 0.5, and all the magnitude with respect to these peaks are the same. The spectral peaks with S t = 0.5 are excited by vortices shed from circumferential edges of the boundary layer at the elbow inside (Iwamoto, et al., 2012) . Values of this phenomenon can be summarized as one when nondimensionalized by the bulk velocity and elbow inner diameter. However the attenuation in case of the 1/3 scale model is gradual and close to the slope of the -7/3 powers. The ratio of the Kolmogorov's dissipation scale l K to the integral scale of turbulence l I can be evaluated as follows: Equation (3) means smaller vortices can be exist in higher Reynolds numbers, suggesting that the inertial range of turbulence (exhibiting the slope of the -7/3 powers) widely exist. Probably this applies to the case of the 1/3 scale model, operating in higher Reynolds numbers (U m = 3 and 9 [m/s] in Fig. 7 respectively correspond to 1.06 × 10 6 and 3.25 × 10 6 ).
Cross correlations of pressure fluctuations
In order to investigate propagating behavior of pressure fluctuations, cross correlation coefficients have been calculated. Preliminary measurements showed that the characteristic fluctuation with S t = 0.5, which was caused by vortex shedding, was distinctive at Point G1 (x/D = 0.25, ϕ = 30˚), as shown in Fig. 7(b) . Therefore all the measurements were made with the simultaneous measurement at Point G1, and the result at Point G1 was used as the basis of the correlation. The cross correlation coefficient evaluated in the present study is expressed as follows:
Here p ′ is a pressure fluctuation, x a location to be evaluated, x G1 the location of Point G1, t time, and τ a time delay measured from Point G1. When a large correlation is obtained for some τ, the fluctuation at x is thought to be generated by the fluctuation propagating from/to Point G1, and delays/precedes when τ is positive/negative. We have extracted largest correlation coefficients R G1 for each measurement. Values of these coefficients and time delays are respectively plotted in Figs. 8 and 9. Lengths of abscissae inside the elbow (0˚≤ θ ≤ 90˚) in both figures are decided by the arc length of the pipe center. Figure 8 shows fluctuations observed at point G1 start to grow at θ = 45˚for R e = 3.2 × 10 5 and 5.0 × 10 5 . This location corresponds to where the adverse pressure gradient emerges at the elbow intrados (see Figs. 3(b) and (c)). It seems that the fluctuations are triggered by the adverse pressure gradient, i.e. the thickening boundary layer. Dashed lines in the Fig. 9 are drawn assuming that fluctuations are convected at the bulk velocity. Two dashed lines in each figure are vertically separated assuming that the fluctuations have the periodicity with S t = 0.5. Symbols for 30˚≤ ϕ ≤ 120˚surround these lines, suggesting that some of the fluctuations observed at Point G1 are excited by the planar wave convected at the bulk velocity. The points along with the lower line in each figure illustrate the fluctuation in the preceding period, i.e. the fluctuation has periodicity with S t = 0.5. It has been proved that the fluctuation of S t = 0.5 can be found by calculating cross correlations, and travels with the bulk velocity as the planar wave. The symbols surrounding the line can be found in the elbow inside (0˚≤ θ ≤ 90˚). This means that the fluctuation of S t = 0.5 begins to grow at the elbow entrance, not the thickening boundary layer in the aft part of the elbow.
Conclusion
Wall pressures have been measured for a 90 degree elbow of which the axis curvature coincides with its inner diameter. The conclusion obtained can be listed as follows:
( 1 ) Distributions of ensemble averaged nondimensional pressure for R e = 1.0 × 10 5 , 3.2 × 10 5 and 5.0 × 10 5 becomes similar, except the region latter part of the elbow at the inside. The difference is considered to appeared depending on whether the flow separation occurs or not. 
